Introduction {#S0001}
============

Rare earth is a strategic resource with widespread use in industry, agriculture, military industry, environmental protection and medicine. Rare-earth nanoparticles have a role in biomedical imaging[@CIT0001] and anti-tumour medicine.[@CIT0002] Due to the gradual exposure of nanoparticle materials to the ecological environment, rare-earth nanoparticles could enter the human body via the respiratory system and food chain, such as through water and plants.[@CIT0003]

Some studies have found that rare-earth elements have cytotoxicity and genotoxicity.[@CIT0004] Yb^3+^ decreased zebrafish embryo survival and hatching rate and caused tail malformation.[@CIT0005] Sprague-Dawley (SD) rats treated with neodymium oxide (Nd~2~O~3~) have been found to have severe lung inflammation.[@CIT0006] Gold nanoparticles (AuNP) have been found to produce early embryonic development abnormalities in zebrafish.[@CIT0007] In addition to studies in cells and model animals, several toxicity studies in humans have been reported. Gadolinium contrast agent can cause nephrogenic systemic fibrosis in clinical patients,[@CIT0008] which is widely applied in radioactive medicine. Some workers specialising in occupations related to rare-earth exposure have suffered from diseases of the respiratory system.[@CIT0009]

Nd~2~O~3~ nanoparticles are important earth rare materials and are widely used for making glass, capacitors and magnets.[@CIT0010] However, toxicity of Nd~2~O~3~ nanoparticles has not been well investigated, especially in early development. As zebrafish are increasingly used as models for the toxicity examination, we selected them to evaluate the mechanism of Nd~2~O~3~ toxicity in early development. Zebrafish are commonly used as a high-throughput animal model in acute toxicity studies. Zebraﬁsh eggs (1.0--1.2 mm in diameter) are transparent and develop quite rapidly, which facilitates direct observation of the toxic effects on their internal organs. Zebraﬁsh embryos or larvae are some of the most commonly used model organisms for the toxicity examination because they are particularly sensitive to low-level environmental pollutants.[@CIT0011]

The aim of the present study was to explore the effects of Nd~2~O~3~ nanoparticles on the early development of zebrafish embryos. Our research also tried to provide practice guidance for workers about long-term occupational health exposure and provide instructions for comprehensive evaluation of occupational health. This study demonstrated that Nd~2~O~3~ can induce toxic effects in a dose-dependent manner through the apoptosis pathway. The treated embryos exhibited cardiac arrhythmias and cerebrovascular development disorders.

Materials and Methods {#S0002}
=====================

Zebrafish Maintenance and Embryo Collection {#S0002-S2001}
-------------------------------------------

Zebrafish (*Danio rerio*) maintenance and staging were performed as described previously.[@CIT0012] Adult zebrafish were maintained in a closed ﬂow through a culture system ﬁlled with conditioned water (pH: 7.0±1.0; temperature: 28±1°C; conductivity: 450 S/cm) and a 12h:12hr cycle of day and night. Zebrafish were fed live brine shrimps (*Artemia salin*a) twice daily. The night before the experiment began, male and female ﬁsh were placed in the same hatching box and separated by a comb. The next morning, the zebrafish began to spawn at the moment of light. Viable eggs were collected and rinsed at least 3 times with E3 medium (egg water) (5 mmol/L NaCl, 0.17 mmol/L KCl, 0.33 mmol/L CaCl~2~ and 0.33 mmol/L MgSO~4~, pH: 7.0±1.0), which is the standard hatchery water for zebraﬁsh eggs. To ensure the developmental synchronisation at the beginning of exposure, the embryos at approximately 2.5--3.0 hours post-fertilisation (hpf) were sorted under a stereo microscope. Healthy embryos at 8--10 hpf were then subjected to Nd~2~O~3~ exposure. The Tg(*Flk1*:EGFP) transgenic line was used to observe the blood vascular.

Ethics Statement {#S0002-S2002}
----------------

The zebrafish facility and study were approved by the Institutional Review Board of Baotou Medical College, and zebrafish were maintained according to the guidelines of the Institutional Animal Care and Use Committee.

Nd~2~O~3~ Treatments {#S0002-S2003}
--------------------

The stock solution of Nd~2~O~3~ (USA, Sigma, 634611) nanoparticles was 50 mg/mL. Zebrafish embryos were transferred into 6-well multi-plates with 30 embryos per well. Three millilitres of E3 medium treated with different concentration Nd~2~O~3~ (0, 50, 100, 200, 400 and 800 μg/mL) were added to each well of 6-well multi-plates. Before adding the nanoparticles, Nd~2~O~3~ nanoparticles were pretreated with ultrasound equipment for 30 mins. Zebrafish embryos were exposed to different concentrations of Nd~2~O~3~ for 5 d in an illumination incubator at 28±1°C with the cycle of day and night, and the Nd~2~O~3~ was changed every 2 days.

Zebrafish Embryos Toxicity Assay {#S0002-S2004}
--------------------------------

The different concentrations of Nd~2~O~3~ were directly observed in each well every 24 hrs under a stereo microscope (Nikon, SMZ18) connected to a camera device at speciﬁc time points (24, 48, 72, 96 and 120 hpf). The toxicological analysis included tail detachment, eye development, somite formation, circulatory system, pigmentation, hatching rate, malformations, length of larvae and mortality. After 120 hpf, larvae were anaesthetised in 0.02% tricaine and embedded in 1% low-melt agarose gel, and then the larvae were positioned on the lateral side and photographed to assess morphology. All experiments were repeated 6 times independently.

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labelling (TUNEL) Staining {#S0002-S2005}
------------------------------------------------------------------------------

The 120 hpf embryos were stained using an in situ cell death detection kit (Roche, 12156792910). The zebrafish embryos were fixed overnight at 4°C in freshly prepared 4% paraformaldehyde (Fix). The next day, they were washed in phosphate-buffered saline plus Tween (PBST), and increasing concentrations of methanol were used to measure the gradient of dehydration until 100% methanol overnight at −20°C. On the third day of rehydration, the embryos were treated with Proteinase K (Sigma, P8044) for 30 mins and refixed for 1 hr. Subsequently, a TUNEL staining kit was used to stain the embryos in the dark for 3 hrs. When the staining was almost over, the staining conditions were observed with a stereo microscope to assess whether to stop reaction. After termination reaction, the embryos were observed under a confocal microscope.

Live Imaging of Autophagy in Tg(Flk1:EGFP) Transgenic Embryos {#S0002-S2006}
-------------------------------------------------------------

The *mCherry-Lc3* mRNA was transcribed via the mMessage mMachine SP6 kit (Ambion), and then injected into Tg(*Flk1*:EGFP) transgenic zebrafish embryos at 1-cell stage as described in our previous paper.[@CIT0013] The live embryos were anaesthetised with tricaine and mounted in 1% low melting point agarose for imaging with confocal microscope (under a 20 X/0.8 NA water-immersion objective).

Confocal Scanning {#S0002-S2007}
-----------------

The live embryos were anaesthetised with tricaine and mounted in 1% low melting point agarose for imaging with Nikon A1+ confocal microscope. The real-time lapse movies and Z steps were collected, and heart rates were counted for 30 s and then multiplied by 2 to calculate the heart rate in beats per minute (bpm).

Western Blot Analysis {#S0002-S2008}
---------------------

Briefly, embryos exposed to different concentrations of Nd~2~O~3~ for 5 d were collected, and the yolk membranes were removed. The same volume of RIPA was added to each group of embryos, then ultrasonic crushing to collected the total protein. Protein samples were separated using 12% or 15% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Roche). Then, they were blocked at room temperature (RT) with 5% non-fat dry milk for 1 hr. The membranes were incubated with primary antibodies at a dilution of 1:1000 overnight at 4°C. Primary antibodies included antibody *cleaved-caspase 3* (CST, 9661), antibody *Lc3* (CST, 4108), antibody *P53* (CST, 2524), antibody *Bcl-2* (CST, 2772) and antibody *α-tubulin* (Sigma, T6199). The next morning, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies at RT for 1 hr and finally immunoreactive signals were detected by Immobilon Western Chemiluminescent HRP substrate (Millipore, WBKLS0500). To ensure the feasibility of the experiments, the experiments were repeated at least 3 times.

Statistical Analysis {#S0002-S2009}
--------------------

All data were statistically analysed using the two-tailed Student's *t*-test with GraphPad Prism 5 software. When *P*\<0.05, the difference was statistically significant. All values were reported as the mean ± standard and the data analysis of at least 3 replicate measurements with at least 3 batches of different and independent samples.

Results {#S0003}
=======

Nd~2~O~3~ NPs Can Be Ingested by Zebrafish {#S0003-S2001}
------------------------------------------

Wild-type embryos exposed to Nd~2~O~3~ NPs for 120 hrs were imaged using a confocal microscope to determine the uptake of nanoparticles in 2 living zebrafish. In vivo time-lapse imaging ([Figure 1](#F0001){ref-type="fig"}) showed that Nd~2~O~3~ NPs were present inside the digestive tract. Nd~2~O~3~ NPs were moved with intestinal movement from 1.798 s ([Figure 1A](#F0001){ref-type="fig"}) to 20.653 s ([Figure 1E](#F0001){ref-type="fig"}) and from 11.892 s ([Figure 1F](#F0001){ref-type="fig"}) to 29.548 s ([Figure 1J](#F0001){ref-type="fig"}). Whole time-lapse imaging also can be seen in [[Supplementary Movie S1](http://youtu.be/f1BtImznbhk)]{.ul}.Figure 1Nd~2~O~3~ nanoparticles can be ingested by zebrafish. Representative confocal images are shown. (**A**--**E)** and (**F**--**J**) show Nd~2~O~3~ trajectory images in the digestive tract of two zebrafish embryos. Black arrows indicate the Nd~2~O~3~ particles. Whole time-lapse imaging can be seen in [[Supplementary Movie S1](http://youtu.be/f1BtImznbhk)]{.ul}.

The Mortality of the Larvae Treated by Nd~2~O~3~ Increased in a Dose-Dependent Manner {#S0003-S2002}
-------------------------------------------------------------------------------------

To explore its direct toxicity, we recorded the number of dead embryos after treatment with Nd~2~O~3~ nanoparticles for 5 d. Compared with the untreated group (control), low concentrations (50 and 100 μg/mL) of Nd~2~O~3~ had nearly no toxicity, and high concentrations caused significant toxic effects. The embryos of mortality were 100% ([Figure 2A](#F0002){ref-type="fig"}) at the concentration of 800 μg/mL, and the median lethal concentration (LD50) was 203.9 μg/mL. In addition, the mortality of the larvae increased in a dose-dependent manner ([Figure 2A](#F0002){ref-type="fig"}).Figure 2Effects of Nd~2~O~3~ on the mortality and malformation of larvae at 120 hpf. (**A**) The mortality of the larvae increased in a dose-dependent manner. Compared with the 0 ug/mL group. \*\*\**P*≤0.001 (Student *t* test). (**B**) The percentage of abnormal embryos treated with Nd~2~O~3~. These experiments were repeated at least 3 times. (**C**) Light microscope image of zebrafish wild-type (WT) embryos at 5 dpf. (**D--G**) Light microscope images of embryos treated with Nd~2~O~3~ at 5 dpf. Black arrows indicate bent tail. White arrows indicate cardiac oedema.

Nd~2~O~3~ Mediated Malformation in Zebrafish Embryos {#S0003-S2003}
----------------------------------------------------

Subsequently, we found that Nd~2~O~3~ of different concentrations could cause different levels of malformation. There are 3 main malformation types, including decreased body length ([Figure 2D](#F0002){ref-type="fig"}), bent tail ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}) and cardiac oedema ([Figure 2G](#F0002){ref-type="fig"}). To further explore the toxicity effect of Nd~2~O~3~ nanoparticles, we recorded the ratio of the embryo malformation, which increased in a dose-dependent manner ([Figure 2B](#F0002){ref-type="fig"}).

The Heart Rate of Embryos Treated with Nd~2~O~3~ Was Reduced {#S0003-S2004}
------------------------------------------------------------

Cardiac performance was assessed using confocal real-time recording, which revealed an overall reduction in heart rate. Robust rhythmic contractions were observed in atrium and ventricle in control (0 μg/mL) embryos. Upon exposure to 200 μg/mL Nd~2~O~3~, some problems were detected with the heartbeat. The heart rate of 10--30% treated embryos reduced ([Figure 3A](#F0003){ref-type="fig"}). The mean heart rate of control embryos at 120 hpf equals 96 beats per minute (bpm), while the mean heart rate of Nd~2~O~3~ exposed embryos equals 72 bpm ([Figure 3B](#F0003){ref-type="fig"}). Whole time-lapse imaging can be seen in [[Supplementary Movies S2](http://youtu.be/Wxnn60lEvNw)]{.ul}--[[3](http://youtu.be/b8vmV1VDwcs)]{.ul}.Figure 3Nd~2~O~3~ contributed to reduced heart rate and arrhythmia in zebrafish embryos. (**A**) Quantitative analysis of heart rate at 5 dpf. Compared with the 0 ug/mL group. \*\**P*≤0.01. (**B**) Representative results of heart rate analysis. (**C**) Representative results of arrhythmia analysis of Nd~2~O~3~ exposed embryo. Whole time-lapse imaging can be seen in [[Supplementary Movies S2](http://youtu.be/Wxnn60lEvNw)]{.ul}--[[S5](http://youtu.be/YHVaiVh8pnQ)]{.ul}.

Heart Dysfunction (Arrhythmia) Can Be Recorded in Embryos Exposed to Nd~2~O~3~ {#S0003-S2005}
------------------------------------------------------------------------------

The cardiac arrhythmia phenotypes can also be observed in Nd~2~O~3~-treated embryos. An irregular pause can be recorded in nearly 10% of the embryos ([Figure 3C](#F0003){ref-type="fig"}). The longest pause was 7 s in Nd~2~O~3~-exposed embryos ([Figure 3C](#F0003){ref-type="fig"}). Whole time-lapse imaging can be seen in [[Supplementary Movies S4](http://youtu.be/aGebwwPtuJU)]{.ul}--[[5](http://youtu.be/YHVaiVh8pnQ)]{.ul}.

Nd~2~O~3~ Disturbed Cerebrovascular Development {#S0003-S2006}
-----------------------------------------------

Tg(*Flk1*:EGFP) embryos were exposed to different concentrations of Nd~2~O~3~ nanoparticles for 5 d, and the development of zebrafish brain blood vessels was observed using confocal microscope. For the control (untreated Tg(*Flk1*:EGFP) embryos), [Figure 4A](#F0004){ref-type="fig"}, [B](#F0004){ref-type="fig"} and [4B'](#F0004){ref-type="fig"}, the cerebrovascular of wild-type embryos was very complicated, but a large number of blood vessels of the treatment group had vanished at 5 days post-fertilisation (dpf, [Figure 4C](#F0004){ref-type="fig"}, [D](#F0004){ref-type="fig"} and [D'](#F0004){ref-type="fig"}, [E](#F0004){ref-type="fig"}, [F](#F0004){ref-type="fig"} and [F'](#F0004){ref-type="fig"}). Whole time-lapse imaging can be seen in [[Supplementary Movies S6](http://youtu.be/RrCBApHYPjA)]{.ul}--[[7](http://youtu.be/E552ScVzDQ8)]{.ul}. Then, the time point was moved ahead at 4dpf and 3dpf. The cerebrovascular of treated embryos was disappeared at 4 dpf in [[Supplementary Figure S2](https://www.dovepress.com/get_supplementary_file.php?f=220785.pdf)]{.ul}. At 3dpf, there was no obvious reduced cerebrovascular ([[Supplementary Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=220785.pdf)]{.ul}). However, the cerebrovascular distribution and arrangement had some abnormalities when observed in each Z-step (5 μm for one step) at 3 dpf. In wild-type embryos, the vessels appeared as pipes or lines ([Figure 5A](#F0005){ref-type="fig"}--[C](#F0005){ref-type="fig"}), while the vessels appeared as more discontinuous dots in Nd~2~O~3~-exposed embryos ([Figure 5D](#F0005){ref-type="fig"}--[I](#F0005){ref-type="fig"}). The cerebrovascular was developed beginning shortly after the onset of circulation at 1 dpf. The basic pattern of the vasculature was developed mostly intact nearly 7 days. The Nd~2~O~3~ might disturb cerebrovascular development and affect vascular sprouting. Whole Z-steps lapse imaging can be seen in [[Supplementary Movies S8](http://youtu.be/4plISZ6IDiQ)]{.ul}, [[S9](http://youtu.be/ZTGqgr6CLaA)]{.ul} and [[S10](http://youtu.be/Lf699kw7WP0)]{.ul}.Figure 4Nd~2~O~3~ disturbed the development of cerebrovascular at 5 dpf. (**A, B, B**') The cerebrovascular images of wild-type embryo. (**C, D, D**') The cerebrovascular images of embryos exposed to Nd~2~O~3~ (100 μg/mL). (**E, F, F'**) The cerebrovascular images of embryos exposed to Nd~2~O~3~ (200 μg/mL). Whole time-lapse imaging can be seen in [[Supplementary Movies S6](http://youtu.be/RrCBApHYPjA)]{.ul}--[[7](http://youtu.be/E552ScVzDQ8)]{.ul}. Scale bars, 100 μm.**Abbreviations:** PrA, prosencephalic artery (white arrow); ACeV, anterior (rostral) cerebral vein (white arrowhead); MCeV, middle cerebral vein (yellow arrowhead); CtA, central artery (red arrow); PCeV, posterior (caudal) cerebral vein (red arrowhead); PHBC, primordial hindbrain channel (red arrowhead); MMCtA, middle mesencephalic central artery (yellow arrow); MtA, metencephalic artery (yellow arrow).Figure 5Nd~2~O~3~ disturbed vascular sprouting at 3 dpf. (**A--C**) The cerebrovascular images of wild-type embryo. (**D--F**) The cerebrovascular images of embryos exposed to Nd~2~O~3~ (100 μg/mL). (**G--I**) The cerebrovascular images of embryos exposed to Nd~2~O~3~ (200 μg/mL). Whole Z-steps lapse imaging can be seen in [[Supplementary Movies S8](http://youtu.be/4plISZ6IDiQ)]{.ul}, [[S9](http://youtu.be/ZTGqgr6CLaA)]{.ul} and [[S10](http://youtu.be/Lf699kw7WP0)]{.ul}. Scale bars, 100 μm.

The Role of Autophagy and the Apoptosis Pathway in Nd~2~O~3~-Treated Embryos {#S0003-S2007}
----------------------------------------------------------------------------

To further validate the cause of reduced brain blood vessels, the autophagy and apoptosis evaluation was performed. To evaluate the autophagy level, immunoblotting was carried out using an antibody against the autophagy marker microtubule-associated protein light chain 3 (*Lc3*). The *Lc3* Western blot indicated that the autophagy level did not change ([Figure 6A](#F0006){ref-type="fig"}). To directly observe the autophagy level in Nd~2~O~3~-treated embryos, *mCherry-Lc3* synthetic mRNA was injected into Tg(*Flk1*:EGFP) transgenic zebrafish embryos at 1-cell stage, which were used as in our previous paper.[@CIT0013] At 3 dpf, wild-type (WT) zebrafish embryos ([Figure 6B](#F0006){ref-type="fig"}--[D](#F0006){ref-type="fig"}) exhibited abundant *Lc3-II* puncta (indicating autophagosomes) in EGFP+ cells (the brain blood vessels). Abundant *Lc3-II* puncta in EGFP+ cells did not change at 100 μg/mL Nd~2~O~3~ exposure ([Figure 6E](#F0006){ref-type="fig"}--[G](#F0006){ref-type="fig"}). However, abundant *Lc3-II* puncta in EGFP+ cells decreased significantly at 200 μg/mL ([Figure 6H](#F0006){ref-type="fig"}--[J](#F0006){ref-type="fig"}) (P=0.0095, [Figure 6K](#F0006){ref-type="fig"}).Figure 6The autophagy level was checked in Nd~2~O~3~ treated embryos. (**A**) Immunoblot analysis with autophagy marker *Lc3*. (**B--J**) Representative confocal images of *mCherry--Lc3* puncta (autophagosomes) in Tg(*Flk1*:EGFP) live embryos. (**K**) Quantitative results were summarised in (**B--J**). *mCherry--Lc3* puncta were counted in EGFP+ cells in 7--10 individual embryos. Error bars in (**K**) represent standard error of the mean (SEM). \*\**P*≤0.01 (Student's *t*-test). Scale bars, 100 μm.

The TUNEL staining applied in embryos exposed to Nd~2~O~3~ nanoparticles ([Figure 7A](#F0007){ref-type="fig"}--[I](#F0007){ref-type="fig"}). The results indicated that embryos exposed to Nd~2~O~3~ nanoparticles have marked increased red spots on the head compared with control. We also found that the embryos exposed to medium concentrations (100 and 200 μg/mL) were more obvious than other groups ([Figure 7D](#F0007){ref-type="fig"}--[I](#F0007){ref-type="fig"}). Then, the immunoblotting against apoptosis markers was carried out to check the apoptosis pathway. The level of *cleaved caspase 3* was dramatically upregulated in embryos with Nd~2~O~3~ nanoparticles (100 and 200 μg/mL) ([Figure 7L](#F0007){ref-type="fig"}), and the *Bax* protein increased in a dose-dependent manner ([Figure 7J](#F0007){ref-type="fig"}), while the *p53* protein increased at 50, 100 and 200 μg/mL and then reduced ([Figure 7K](#F0007){ref-type="fig"}). The *Bcl-2* was exactly opposite, first falling at 100 and 200 μg/mL and then rising at 400 μg/mL ([Figure 7J](#F0007){ref-type="fig"}). This suggested that the apoptosis pathway may contribute to Nd~2~O~3~ nanoparticle toxicity.Figure 7The apoptosis pathway was activated in Nd~2~O~3~-treated embryos. (**A--I**) The TUNEL staining of Nd~2~O~3~-treated embryos. (**A--C**) Representative images of WT embryos are shown. (**D**--**F**) Representative images of 100 μg/mL Nd~2~O~3~ treated embryos are shown. (**G**--**I**) Representative images of 200μg/mL Nd~2~O~3~-treated embryos are shown. (**J**) Immunoblot analysis with apoptosis marker *Bax* and *Bcl-2*. (**K**) Immunoblot analysis with apoptosis marker *p53*. (**L**) Immunoblot analysis with apoptosis marker *cleaved caspase 3.*

Discussion {#S0004}
==========

This study demonstrated that Nd~2~O~3~ can induce toxic effects at high concentrations (\>200 μg/mL), disturbing normal embryo development. The mortality and malformation rate was increased in a dose-dependent manner. The treated embryos exhibited cardiac arrhythmias: the heart beat slowed down and became irregular and cerebrovascular development disorders were observed. The toxicity of Nd~2~O~3~ may be due to the activation of the apoptosis pathway. The downregulated autophagy flux in cerebrovascular vessels might affect vessel sprouting and contribute to the vanished cerebrovascular.

The chorion of zebrafish embryos has pore canals 500 to 700 nm in diameter that may be permeable to nanoparticles. In some studies, the nanoparticles were found to enter embryos via chorionic pore canals. The silver and gold nanoparticles passively diffused into the embryo and stayed in the embryo until hatching.[@CIT0014],[@CIT0015] Similar to the above studies, we observed that Nd~2~O~3~ nanoparticles can be taken in by zebrafish ([Figure 1](#F0001){ref-type="fig"}).

In 2012, Cui et al found that the rare-earth elements La and Yb can cause zebrafish malformation and decreased hatching rate, and Yb^3+^ induced more serious toxic effects than La^3+^ in the tail in a dose-dependent manner.[@CIT0005] Gold nanoparticles induced abnormal oedema and a delay in the development of the eye and head and in the onset of pigmentation.[@CIT0007] Abnormal embryos were also observed in our research, including tail deformity, tail shortening and abnormal oedema ([Figure 2C](#F0002){ref-type="fig"}--[G](#F0002){ref-type="fig"}), and the embryo mortality and malformation rate increased with the increase of the concentration ([Figure 2B](#F0002){ref-type="fig"}), which is consistent with previous studies. However, embryos exposed to Nd~2~O~3~ showed no delay in the onset pigmentation and hatching rate in this study. As early as in 2000, some researchers found that the marine species embryos and skeletal development was restricted after 24-hr and 48-hr exposure to the rare-earth element Gd.[@CIT0016],[@CIT0017] This malformation may be related to the skeletal development. According to these studies, the malformation caused by Nd~2~O~3~ nanoparticles could be related to skeletal development.

One of the most important types of drug toxicity is cardiotoxicity, which is often characterised by impaired cardiac contractility or arrhythmias. Impaired cardiac contractility or induced arrhythmias ([Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}) can cause abnormal oedema ([Figure 2E](#F0002){ref-type="fig"} and [G](#F0002){ref-type="fig"}). The heart rate was reduced when embryos were exposed to water effluents from oil/gas condensate. Gold nanoparticles induced abnormal oedema.[@CIT0007] The previous research indicated that the depolarisation of smooth muscle cells was blocked with rare-earth Gd^3+^.[@CIT0018] Some studies have reported that the rare-earth element Gd^3+^ affects the contractility and electrophysiology of cardiac myocytes in divided rat heart.[@CIT0019] These causes confirm the Nd~2~O~3~ nanoparticle cardiotoxicity in zebrafish.

Furthermore, our study found the brain blood vessels in Nd~2~O~3~-treated embryos disappear ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}). Some studies have indicated that rare-earth nanoparticles were involved in angiogenesis, including cerebrovascular angiogenesis.[@CIT0020] CeO~2~ nanoparticles have been reported to inhibit vascular endothelial growth factor (VEGF)-induced capillary tube formation, and the nanoparticles induced apoptosis and proliferation of endothelial cells.[@CIT0021] The reactive oxygen species (ROS) also could inhibit angiogenesis, while Nd~2~O~3~ nanoparticles could induce production of ROS. This may be an important reason for the disappearance of cerebrovascular in Nd~2~O~3~-treated embryos.

To further explain the phenomenon of vascular disappearance, we observed embryos treated with Nd~2~O~3~ at 3 dpf. The cerebrovascular structure of wild-type Tg(*Flk1*:EGFP) transgenic embryos was overall integrated (the vessels showed like pipes or lines). To our surprise, the cerebrovascular arrangement structure ([Figure 5](#F0005){ref-type="fig"}) differed extremely from the untreated group (the vessels showed more discontinuous dots). Along with these clues, we detected autophagy and apoptosis using microinjection *mCherry-Lc3* mRNA and TUNEL staining on the third day. We found that autophagy in cerebrovascular was downregulated in the 200 μg/mL group ([Figure 6K](#F0006){ref-type="fig"}); however, in whole embryos, there was no change. Several studies have shown that decreased autophagy could inhibit pathways involved in angiogenesis[@CIT0022] and autophagy triggered angiogenesis by activating VEGF and AKT.[@CIT0023] Therefore, we hypothesised that the reduced autophagy level in cerebrovascular might contribute to cerebrovascular disappearance.

However, there were other reasons for vascular disappearance. Some researchers considered that axonal trajectories of neurons correlated with blood vessel sprouting and formation of vascular networks.[@CIT0024],[@CIT0025] Previous research indicated that the drug ceramide disturbed primary and middle primary (CaP and MiP) axonal ectopic branches or abnormal blood vessels and caused shutoff of vessel sprouting, leading to vessel disappearance. Moreover, the latest research revealed that the nervous system and tissue could affect development of vascular endothelial cells.[@CIT0026] Consistent with these studies, our study observed apoptosis activated in neurons in embryos exposed to Nd~2~O~3~. Therefore, we hypothesised that neuronal cell death might indirectly affect angiogenesis and sprouting.

To evaluate the toxic mechanism, we focused on changes in protein levels mainly from apoptosis and autophagy. The previous study found that Nd~2~O~3~ nanoparticles may induce cell apoptosis and acute inflammation in low concentrations.[@CIT0027] Several studies have documented that cell autophagy could be upregulated by nanoparticles in many cell lines, such as human GBM tumour cell lines (U-87 MG),[@CIT0028] HeLa cells[@CIT0029],[@CIT0030] and tobacco BY-2 cells. Gd nanoparticles can also induce autophagy at 24 hpf and 48 hpf in paracentrotus lividus sea urchin embryos.[@CIT0017] However, our experiments showed no significant changes in autophagy in whole embryos ([Figure 6](#F0006){ref-type="fig"}). The autophagy also did not change in rats treated with low concentrations of ceria oxide (CeO~2~) nanoparticles[@CIT0031] in some studies. Therefore, we hypothesised that the autophagic flux may be regulated in different concentrations and different models in vivo and in vitro.

Subsequently, we further focused on apoptosis. CeO~2~ nanoparticles suppressed *p53* expression and amplified the autophagy flow.[@CIT0032] In contrast, in our study, the *p53* expression rose ([Figures 6A](#F0006){ref-type="fig"} and [7K](#F0007){ref-type="fig"}). Gadolinium oxide (Gd~2~O~3~) nanoparticles induced cell apoptosis by *BAX* and *Bcl-2* protein expression.[@CIT0033] Our results demonstrated that *Bcl-2* downregulated only at low concentrations (50, 100 and 200 μg/mL). Similarly, the rats exposed to CeO~2~ exhibited apoptosis via increasing *Bax*/*Bcl-2* ratio.[@CIT0034] The *cleaved caspase 3* is an important apoptosis marker. Our study suggested that Nd~2~O~3~ nanoparticles increased *cleaved-caspase 3* expression at different concentrations.

There are some limitations for this research. First, the study did not explain how the specific pathway induced toxicity. This study does not answer the question of whether the slight ionisation phenomena of Nd~2~O~3~ nanoparticles causes effects in zebrafish embryos. Therefore, the study aimed to provide the practice guidance for nano miners, workers related to nanomaterial fabrication, patients and pregnant women in occupational health protection. At the same time, the study provided instructions for comprehensive evaluation of occupational health.

Conclusion {#S0005}
==========

Nd~2~O~3~ nanoparticles disturbed embryo development at high concentrations (\>200 μg/mL). The mortality and malformation rate of the embryos treated with Nd~2~O~3~ increased in a dose-dependent manner. Furthermore, the Nd~2~O~3~-treated embryos exhibited severe arrhythmia and reduced heart rate. The cerebrovascular vessels partly disappeared at middle concentration (100 and 200 μg/mL). The downregulated autophagy flux in cerebrovascular vessels and increased apoptosis level in neurons might affect vessels sprouting and contribute to the vanished cerebrovascular. The toxicity of Nd~2~O~3~ on zebraﬁsh embryos was induced by the activated apoptosis pathway.
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Highlights {#S0006}
==========

Nd~2~O~3~ nanoparticles disturbed embryo development in a dose-dependent manner.Nd~2~O~3~ nanoparticles resulted in the disappearance of cerebrovascular vessels.Nd~2~O~3~ nanoparticles activated the apoptosis pathway and induced toxicity.
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